During the last two decades, EU legislation has put increasing pressure on member countries 2 to achieve specified recycling targets for municipal household waste. These targets can be waste logistics in Europe. We conclude that waste recycling is a multi-disciplinary problem 10 that needs to be considered at different decision levels simultaneously. A holistic view and 11 taking into account the characteristics of different waste types are necessary when modelling a 12 reverse supply chain for MSW recycling. 
Introduction
increased to a minimum of 50% by weight (EU 2012). The directive not only sets the target 10 for waste recycling, but also specifies the requirements for recycling network design. EU
11
Directive 2008/98/EC states the recycling network shall be designed such that the member 12 states become self-sufficient in waste disposal and recovery, while taking into account 13 geographical circumstances or the need for specialised installations for certain types of waste.
14 It specifies the capacity of the recycling network together with the geographical location of 15 facilities.
17
To meet the targets set by the regulations, taxation is commonly used as an incentive in many waste based on weight/volume of waste. In the UK, commonly, households pay a council tax 1 to the local authority and the tax is used to cover a lot of services including schools, police, 2 street light, and waste/recycling collection (Abbott et al. 2011) . There is no special tax for the 3 waste or calculation of tax based on weight/volume of waste (Kipperberg 2007 ).
5
Apart from the incentive to push recyclable waste into the recycling channel, demand for 6 recycled materials drives the market. The price paid for recycled materials is very important from Europe to be recycled partly in the Far East should be allowed has raised quite some
In some cases, the separation of the recyclable waste (paper, metal, plastic, etc.) from other 1 waste is done at the collection point, while in other cases the waste is collected and sent to a 2 separation center for this procedure. After separation, the waste is normally sent to a sorting 3 center, where the further sorting of the material by colour and/or composition is conducted.
4
Cross-docking centers are locations where trans-shipment and baling of waste is done. The 5 sorted waste will be transferred to specialized treatment facilities to be re-melted or 6 transformed for recycling (See Figure 2) . In the near future, countries will continue aiming for improved efficiency of waste recycling.
1 Some efforts can be made on the collection phase in order to improve the collection efficiency.
2
For example, Portugal aims to increase the curbside collection in urban areas since the amount 3 collected and the quality (low percentage of contaminants) are higher in such a system than in 4 the drop-off system. Moreover, possible synergies and economies of scale are still to be 5 explored further. The Netherlands will combine the separately collected PET bottles (through 6 deposit refund system) with the normal plastic waste to improve the collection efficiency and 7 reduce cost. For the same purpose, efforts are made to optimize routes and decrease the 8 collection frequency in order to collect containers with a high landfill rate. In Portugal, the 9 number of SMAUTs tends to decrease such that collection can be further aggregated.
10
Additionally, to collect waste in a more sustainable manner, collection companies search for terms of structure and functionality in various stages. Therefore, it is a multi-commodity 8 problem and the associated network design should be able to fit the specified requirement of 9 each material and handle the different materials together. Locations and capacities of 10 processing plants in different countries also differ a lot. In terms of strategy for improving 11 sustainable performance, the multi-modality transport started to be used in practice for the 12 transportation for waste. Therefore, we summarize the issues from strategic level derived 13 from the review as: 1) facilitate multi-commodity, 2) variability in network configuration 3) 14 facility capacity plan, 4) facility location choice, and 5) sustainable recycling network (e.g.
15
facilitate multi-modality).
16
With respect to collection practices, the major differences are at the organizing unit of the elements of the research framework (network design, collection and routing, sustainability).
14 As the focus is on modelling approaches the scope of the search is set to modelling methods 
18
Apart from specific papers on modelling waste management issues, reviews have been written 19 on sustainable forward supply chains (Brandenburg et al, 2014; Seuring 2013 ) and sustainable 20 closed loop supply chains (e.g. Fleischmann et al., 1997; Rubio et al. 2008 ). These reviews 21
will not be discussed here. Govindan et al. (2015) review 382 papers related to reverse 22 logistics and closed-loop supply chain published between 2007 and 2013. Agrawal et al. 23 (2015) provide a literature review in Reverse Logistics, selecting 242 published articles.
24
About 40% of these papers relate to Reverse Logistics networks from secondary markets.
25
Network design is one of the important strategic issues which may have long term impact on 1 the performance of reverse logistics (section 4.1).
The characteristics of a reverse logistics network for waste recycling determine its network 4 configuration. Regarding the network structure, most of reverse logistics networks have a 5 convergent network structure instead of a divergent structure (Fleischmann et al. 1997 ). The multiple recycling processes have been taken into account in these models and problems 8 such as location allocation and capacity design have been studied as well. Somplak et al.
9
(2014) introduce a tool for conceptual planning of new waste-to-energy capacities enabling to 10 implement waste management policies through legislation amendments.
disassembling process in which components of the objects are fixed (e.g. old cars). The them (co-collection). While the CVRP is a widely studied problem and several models have 2 been proposed in the literature (see (Golden, et al. 2008) should be visited since waste streams have different containers' fulfilling rates.
10
Another feature of the municipal solid waste collection is the variation in collection
11
frequencies from site to site. For instance, in the same network some sites may be visited 12 every day while others may be visited twice a week or three times a week, and so on. This where PVRP heuristic algorithms were developed and applied to real waste collection systems.
17
The majority of the works have focused on static routes and only a few have tackled dynamic 
21
In the next section, the issues addressed in section 3 (practice) and 4 (models) will be 22 analysed. Table 2 addresses the issues derived from practices and models. We make a comparison and 3 identify those issues are not adequately addressed by the current methods in literature. Our 4 first observation is that some issues appear in multiple decision levels. For example, capacity 5 planning is an important issue both at strategic level on facility and network capacity plan and 6 at a very detailed level on collection bin and collection vehicle capacity plans. Differentiating 7 between waste types is a requirement from regulation but also an issue in network design and 8 collection design. Handling waste simultaneously is in line with the vehicle partition problem.
9
Issues can be inter-related with issues from other decision levels. For example, the location of have a significant impact on network configuration and facility capacity design. The models addressed in literature mostly address efficiency issues. To further provide insights for policy makers and address issues like valorisation while including end market demand, researchers and practitioners need to have a broader view on the network of waste recycling; they should take the end market into consideration instead of focusing only on the waste collection and treatment. This holistic view is also necessary for the planning of capacity on a larger scale across borders to solve the problem of over-capacity. In other words, a holistic view is needed to strengthen the applicability of modelling tools for tackling real-life waste recycling problems. This is in line with Ghiani et al. (2014) concluding that a new challenge is represented by modelling a unified framework in which network decisions are combined with multi-commodity waste flow shipping decisions.
In addition to all profound methods already used in addressing problems to increase efficiency, the most promising direction for further improvement is to specify and partition waste flows to be treated differently. Issues such as tailored network design, waste composition and compartment partition should be addressed separately for each waste type, but while taking into account the co-relation in facility sharing with other waste types. This is in congruence with current regulation to treat different types of waste in a tailored way. Current researches often treat municipal waste as a single unit, instead of investigating the distinguishing feature of each waste type. The characteristics of different recyclables are therefore worth further study.
Regarding sustainability issues, the currently modelling methods have been exploring the balance between economic goals and emission control, whereas the societal objectives have only been started to be integrated in the quantitative models. There is a clear need for the definition of concrete social objectives and impact measurements that can be used in modelling. Hutchins and Sutherland (2008) proposed that labor equity, healthcare, safety and philanthropy can be the measurements of social sustainability for supply chain decision making as a starting point. This again calls for the integration of other research disciplines (especially related to social studies) with Operations Research modelling methods. To model the dynamic nature of supply chain operations and include all aspects of the relationships with its environment, modelling techniques that are capable of including the multi-dimensional qualitative and strategic characteristics are needed (Sarkis, 2002) .
Research Opportunities
Based on the discussion of the research gaps above, we propose research opportunities with the following three key perspectives:
Municipal solid waste management cannot be viewed in a one-dimensional perspective, as a lot of issues from different decision levels are inter-related. The combined decisions on these inter-related issues are often too complex to be solved at once. A possible approach is to decompose the total decision making problem into several sub-problems, which then are solved step by step. However, multidimensional problems often introduce differentiated optimization objectives. Separation of problems and pursuing the objectives on one decision level at a time will result in suboptimal solutions. Global optimal solutions can only be obtained using an integrated approach that takes into account problems at different decision levels simultaneously.
A multiple dimensional perspective on municipal solid waste management indicates an integration of various disciplines in modelling MSW recycling. To improve sustainability performance, especially regarding addressing environmental and social concerns, an integrating of Operations Research modelling methods with methods from other disciplines is needed. For example, the life cycle assessment (LCA) methodology is among the most commonly used methods for assessing sustainable waste recycling systems in literature. Edward and Schelling (1999) conducted an LCA on municipal waste with a special focus on transportation, including a sensitivity analysis on recycling plant capacity. Björklund and Finnveden (2007) focused their LCA study on the assessment of tax issues regarding national waste policy. The waste LCA model EASEWASTE (Christensen et al., 2007 ) is a decision support tool for waste management systems. The model can be used for integrated waste management to improve environmental performance. This gives researchers a hint that Operations Research methods have the potential to be integrated with other methods at multiple decision levels.
Other disciplines in technological studies also have the potential to be integrated with OR methods. For example, technology development can bring new parameters into the modelling process, such as new packaging design, RFID technology applied to the measurement of waste quantity, re-processing technology for the application of recycled materials. Such integrated approaches have been used in other sustainability related studies. For example, Vlyssides et al. (2004) have studied the environmental problem caused by olive oil production and used an integrated approach combining waste treatment technology, production processes and the valorisation of by-products. In waste management, the technological development can have impact on the estimation of waste quantity, the recycling channel allocation, the market demand of recycled material and so on. Thus, by taking into account technological development, new opportunities can be found in modelling waste logistics.
 Holistic view
Waste recycling is becoming a global issue with the export of waste between continents. To solve issues like over-capacity and valorisation, to meet the high requirement of waste recycling rates and to satisfy the increasing global demand of the recycled material, a new perspective in research and practice to look into waste recycling is needed. That is, to consider waste recycling as a procedure of retrieving waste as a global resource substitutable to raw material on a regional and a global scope.
A holistic view is necessary as a local "best" solution might not be optimal from the regional or global scale. For example, to measure the cost of waste recycling, it is necessary to take the whole reverse supply chain into account. Taking into account a complete supply chain is also the requirement of developing a sustainable supply chain. Just as economic globalization creates opportunities and poses challenges to supply chains, so does environmental globalization. Furthermore, the existing theories and models of global supply chain can be applied in a waste recycling context for addressing the problem at a global scale. From a modelling perspective, global supply chain constraints, such as tax and trade barriers can be considered in the modelling of reverse logistics network of municipal solid waste.
Uncertainties in the global market in terms of the demand of recycled material and currency exchange rates can be integrated in the models too.
 Tailored solution
Externally, the regulation distinguishes recyclables by setting different recycle targets for each material. In practice, some efforts have been made to treat different types of waste in a tailored way. To meet future demands of further improving the efficiency and sustainability of municipal waste recycling, much more should be done to tailor the solution for each waste type.
Understanding characteristics of waste, such as the density (weight to volume ratio) difference, the quantity difference and treatment procedure differences can help to tailor the network design for each type of waste to further improve the recycling efficiency. As some waste shares the facilities at initial stages of the recycling chain, it is interesting to investigate the combined network for several types of waste. On the tactical and operational decision level, only after these different characteristics of each waste type are investigated, we can move on to fill research gaps like the design of combined collection with suitable multi-compartments and channel choices as well as handling different waste differently and simultaneously.
Conclusion
To provide guidelines for improving waste recycling in a more efficient and sustainable direction, we reviewed current practices and Operations research modelling methods. This paper took a new angle, by diving into practice first and bringing out issues that are important now and in the future. We started from a comparison of current practices in various EU countries and identified the characteristics and key issues of waste recycling from waste management and reverse logistics point of view. A review regarding the applications of modelling approach was then conducted, such that issues and problems in practice could be linked to the modelling methods used in literature. Comparing practice and models led to identifying research gaps and research opportunities.
Three perspectives of research opportunities were identified to guide the research and practice towards a future sustainable municipal solid waste recycling management; include multiple dimensions, take a holistic view and consider tailored solutions for different waste types. The integration of OR with other disciplines such as LCA in the research can help address issues in a more thorough manner. A holistic view should also be taken, especially when practice has already begun to globalize waste flows. Research with a tailored design for different waste types has the potential to help further improving the efficiency and sustainable performance of waste recycling.
